The enslavement of an alpha-proteobacterial endosymbiont by the last common eukaryotic ancestor resulted in large-scale gene transfer of endosymbiont genes to the host nucleus as the endosymbiont transitioned into the mitochondrion. Mitochondrial genomes have experienced widespread gene loss and genome reduction within eukaryotes and DNA sequencing has revealed that most of these gene losses occurred early in eukaryotic lineage diversification. On a broad scale, more recent modifications to organelle genomes appear to be conserved and phylogenetically informative. The first red algal mitochondrial genome was sequenced more than 20 years ago, and an additional 29 Florideophyceae mitochondria have been added over the past decade. A total of 32 genes have been described to have been missing or considered non-functional pseudogenes from these Florideophyceae mitochondria. These losses have been attributed to endosymbiotic gene transfer or the evolution of a parasitic life strategy. Here we sequenced the mitochondrial genomes from the red algal parasite Choreocolax polysiphoniae and its host Vertebrata lanosa and found them to be complete and conserved in structure with other Florideophyceae mitochondria. This result led us to resequence the previously published parasite Gracilariophila oryzoides and its host Gracilariopsis andersonii, as well as reevaluate reported gene losses from published Florideophyceae mitochondria. Multiple independent losses of rpl20 and a single loss of rps11 can be verified. However by reannotating published data and resequencing specimens when possible, we were able to identify the majority of genes that have been reported as lost or pseudogenes from Florideophyceae mitochondria.
Introduction
Endosymbiotic events have had a profound impact on eukaryotic evolution (Lane and Archibald 2008; Keeling 2010; Koonin 2010; Zimorski et al. 2014; Martin et al. 2015) . All eukaryotes [with one recent exception (Karnkowska et al. 2016 )] possess a mitochondrion or mitochondrion-related organelle (MRO) that was initially acquired from an alpha-proteobacteria endosymbiont Lang et al. 1999; Koonin 2010; Gray 2012) . Additionally, photosynthetic lineages maintain a plastid that originated as a cyanobacterial endosymbiont in the shared ancestor of Glaucophytes, Rhodophytes, and Viridiplantae (Chlorophytes and Streptophytes), and was subsequently spread through the eukaryotic tree of life via secondary and tertiary endosymbiotic events Keeling 2004; Stiller 2007; Gould et al. 2008; Lane and Archibald 2008; Keeling 2010; Stiller et al. 2014) . There is evidence of massive gene transfer from the endosymbiont to the host nucleus upon the initial acquisition of these organelles, resulting in host control and regulation of the organelle's function (Martin et al. 1998; Timmis et al. 2004; Qiu et al. 2013; Ku, Nelson-Sathi, Roettger, Garg, et al. 2015; Ku, NelsonSathi, Roettger, Sousa, et al. 2015) . Further organellar genome modifications appear to be mostly lineage specific, with gene losses and transfers being restricted within lineages (Tucker 2013; Janouškovec et al. 2013; Ku, NelsonSathi, Roettger, Garg, et al. 2015; Ku, Nelson-Sathi, Roettger, Sousa, et al. 2015; Qiu et al. 2015; Tanifuji et al. 2016 ). The conservation among organellar genomes, in addition to their being inherited predominately uniparentally, has made organelles prime targets for understanding evolutionary relationships across and within the eukaryotic tree of life.
Red algae (phylum Rhodophyta) diversified from their last common ancestor, shared with green algae, more than 1 billion years ago . There are~7,100 currently described species of rhodophytes that are divided into seven classes;
Bangiophyceae, Compsopogonophyceae, Cyanidiophyceae, Florideophyceae, Porpyridiophyceae, Rhodellophyceae, and Stylonematophyceae (Guiry MD and Guiry GM 2016) . The Florideophyceae exhibit a wide range of morphological complexity and are by far the most species rich class, containing~6,750 species spread across 30 orders (Guiry MD and Guiry GM 2016) . Understanding the evolutionary relationships within the Florideophyceae has traditionally been complicated by phenotypic plasticity (Cianciola et al. 2010) . More recently, molecular data have been analyzed and great progress has been made in describing new genera and species (Cianciola et al. 2010; Saunders and McDonald 2010; Le Gall and Saunders 2010) . However, teasing apart the evolutionary histories of red algal orders has proven quite difficult even with the abundance of sequence data currently available (Verbruggen et al. 2010; Lam et al. 2016) . Resolving the evolutionary relationships among florideophytes will provide a robust framework for asking a wide range of evolutionary questions including, but not limited to, transitions from marine to freshwater habitats, the evolution of the complex triphasic life-cycle found in many Florideophyceae orders, and the evolution of parasitism, a life strategy that has arisen many times among the Florideophyceae (Blouin and Lane 2012; Salomaki and Lane 2014; Blouin and Lane 2015; Lam et al. 2016) . The use of the maternally inherited mitochondrial genome to resolve evolutionary relationships among the Florideophyceae shows promise .
The number of sequenced red algal organellar genomes has been increasing exponentially over the past decade. In part, this is a result decreasing sequencing costs allow for increasing use of next-generation sequencing technologies. Currently there are 30 published Florideophyceae mitochondrial genomes species available on GenBank (table 1) . However, only 16 of the 30 florideophycean orders are represented in these data, and 10 of those orders are represented by a single mitochondrion genome sequence.
Analyses of mitochondrion and MRO genomes across the tree of life have shown they are highly variable in gene content, arrangement, and structure (Smith and Keeling 2015) . More recently, the oxymonad Monocercomonoides was shown to have entirely lost its MRO and all genes of mitochondrial origin that had been transferred to the nucleus (Karnkowska et al. 2016) . Wide variability of mitochondrial genome content and structure has been implicated in the Florideophyceae as well. A study investigating the impact of adopting a parasitic life strategy on mitochondrial genomes of red algae described the atp8 and sdhC genes of red algal parasite Gracilariophila oryzoides as pseudogenes, and that the atp8 gene in the parasite Plocamiocolax pulvinata has been lost entirely (Hancock et al. 2010 ). The authors concluded that the products of these genes may be provided either from the parasite nucleus as a result of endosymbiotic gene transfer (EGT), or perhaps the proteins are being obtained from their hosts. More recently, Yang et al. (2015) sequenced 11 Florideophyceae mitochondrial genomes. Analysis of their data, in combination with all previously sequenced red algal mitochondria led them to describe multiple independent losses of atp8, nad4L, rpl20, rps11, sdhC, sdhD, secY, and ymf39 across the Florideophyceae .
Prior to this study, 30 Florideophyceae mitochondrial genomes have been sequenced. Of those, 19 are reported to be missing a functional copy of at least one gene. A total of eight different genes have been reported as pseudogenes or missing entirely from a Florideophyceae mitochondrial genome.
Previous speculation on what is driving gene loss from Florideophyceae mitochondria include EGT from the mitochondrion to the nucleus (Hancock et al. 2010; Yang et al. 2015) , and decreasing selective pressures in parasite mitochondria as a parasite may be obtaining products of those genes from the host (Hancock et al. 2010) . Both explanations seem plausible, with the later hypothesis being directly responsible for the sequencing of the mitochondrial genome from the parasitic red alga, Choreocolax polysiphoniae and its host Vertebrata lanosa (this study).
The mitochondrial genomes of the parasitic red alga, C. polysiphoniae and its host V. lanosa represent the first mitochondrial genomes available from the family Rhodomelaceae, which comprises~1/7th of species diversity within the phylum Rhodophyta (Guiry MD and Guiry GM 2016) . In 2010, our lab reported that two mitochondrial respiratory protein-coding genes were degraded in the red algal parasites, Gr. oryzoides and P. pulvinata (Hancock et al. 2010) . Unexpectedly, the C. polysiphoniae mitochondrion has no degradation of respiratory mitochondrial genes. To reconcile these datasets we resequenced the mitochondrial genomes of the parasite Gr. oryzoides and its host G. andersonii. Furthermore, we systematically reevaluate the described gene losses from the other 30 previously published Florideophyceae mitochondrial genomes, revealing that more than two-thirds of the described losses are the result of errors in sequencing or downstream analyses. We find Florideophyceae mitochondrial genomes to be highly conserved and that gene losses are rare and predominately, if not entirely, observed in genes encoding ribosomal proteins. genes. In Yang et al. (2015) , considered atp4, this is a case of nomenclature causing confusion.
. sdhC: In the correct location there is a region annotated as 'gene/hypothetical protein CDS', but it is shorter than other Florideophyceae sdhC genes.
Translation shows conservation of residues, particularly at 5' region of the sequence. Possibly truncated at 3' end, resequencing would help clarify.
. sdhD: Found in published data, but was unannotated 16,636>16,403.
. TatC: Seems to be the result of homopolymer sequence error, though possibility of pseudogene remains. Homology based on translation alignment of region from 23,168>23,590.
. rpl20: Likely an actual loss, all sequenced members of Ceramiales also missing rpl20. Truncated from 5' end and about half the gene remains as a pseudogene.
Ce. sungminbooi KU145004 and KU145005
24,508 71.2 noted as partial in article (Hughey and Boo 2016) . rpl20: Likely a loss, all sequenced members of Ceramiales also missing rpl20. Truncated from 5' end and about half the gene remains as a pseudogene.
. sdhC: Found, as unannotated 10,977 > 10,678 in conserved location between atp9 and sdhB in KU145004.
. sdhD: Found, as unannotated ORF 15,284 > 15,036 in conserved location between nad4 and nad2 in KU145004.
. . atp4: Present in resequenced G. andersonii mitochondrion.
. rps11: Originally reported as inversion which appears to result from frameshift mutation in original sequence. This is corrected in resequenced mitochondrion.
. Newly sequenced G. andersonii mitochondrion available at GenBank (KX687878).
G. chorda NC_023251 26,534 72.4 atp4 (as ymf39)
. atp4: Annotated as gene/hypothetical protein CDS in GenBank but considered as "present" in Yang et al. (2015) . Definitely present. 
Gracilariopsis lemaneiformis

Materials and Methods
Mitochondrial Genome Sequencing
Specimens of V. lanosa and C. polysiphoniae were collected from Beavertail State Park, Jamestown, Rhode Island, USA (voucher RI 0423). Gracilariopsis andersonii and Gr. oryzoides were collected at Pigeon Point, Pescadero, California, USA (voucher CL031613). Representatives of these parasite and host pair populations are retained as vouchers in the Lane Lab herbarium at the University of Rhode Island. Vegetative tissue from V. lanosa and G. andersonii was inspected for parasites and epiphytes under a dissecting microscope and clean tissue was ground under liquid nitrogen. Erumpent pustules of C. polysiphoniae (n = 50) and Gr. oryzoides (n = 10) were excised from the thallus of their hosts V. lanosa, and G. andersonii, respectively, and collected in a 1.5 ml microcentrifuge tube. The parasite tissue was hand-ground using a Corning Axygen PES-15-B-SI disposable tissue grinder pestle in a 1.5 ml microcentrifuge tube while submerged in 100 ml of DNA extraction buffer (Saunders 1993) . DNA was extracted from all specimens using a standard phenol/chloroform extraction (Saunders 1993) . All DNA libraries were prepared for Illumina sequencing on the Apollo 324 robot using the PrepX ILM DNA Library Kit . atp4: Annotated in GenBank as "gene/hypothetical protein CDS", BlastP of translated sequence hits other red algal atp4 and ATP synthase B chain precursor sequences and aligns well with other translated red algal atp4 genes.
In Yang et al. (2015) , considered atp4.
. rpl20: Annotated in GenBank as 'gene/hypothetical protein CDS', BlastP of translated sequence shows similarity to other red algal rpl20 genes.
S. flabellata KJ398164 26,767 71.5 atp4 (as ymf39), sdhC
. atp4: Annotated in GenBank as "gene/hypothetical protein CDS", BlastP of translated sequence hits other red algal atp4 and ATP synthase B chain precursor sequences and aligns well with other translated red algal atp4 genes.
. sdhC: Found a conserved ORF that relies on a TTA start codon (11,358 > 10,966).
Sp. durum KF186230 26,202 71.6 rps11, rpl20
. rpl20: Many options exist for start codons other than ATG, clearly conserved residues present. Considered present in this study using ATT start codon table 4.
. rps11: Pseudogene or sequencing error, regional conservation remains.
V. lanosa KX687880 25,119 71.7 rpl20
. rpl20: Likely an actual loss, all sequenced members of Ceramiales also missing rpl20. Truncated from 5 0 end and about half the gene remains as a pseudogene.
NOTE.-Genes previously reported as missing are listed along with notes regarding their status as a result of this study.
(Wafergen Biosystems, Freemont, California). The G. andersonii library was sequenced on a full-cell of an Illumina MiSeq paired-end 250 Â 250 basepair (bp) run yielding 30,330,114 sequences in pairs. The Gr. oryzoides and C. polysiphoniae libraries were each sequenced on full-cells of an Illumina MiSeq paired-end 300 Â 300 bp run yielding 26,097,992 and 29,355,470 sequences in pairs, respectively. The V. lanosa library was sequenced on a partial-cell of an Illumina MiSeq paired-end 300 Â 300 bp run yielding 12,888,082 sequences in pairs. For all datasets, sequences with PHRED scores <30 were removed and the remaining reads were trimmed of adapter sequences. Additionally, fifteen 5 0 and five 3 0 nucleotides were trimmed from the remaining reads and all reads under 100 nucleotides were removed from the dataset. All trimming was completed using CLC Genomics Workbench v. 8.5.1 (CLC Bio-Qiagen, Aarhus, Denmark) and the remaining reads were assembled using default parameters in CLC Genomics Workbench v. 8.5.1. Trimmed sequencing reads for the G. andersonii and Gr. oryzoides mitochondria were mapped back to the previously published mitochondrion to compare the two assemblies and confirm support for differences.
Open reading frame (ORF) prediction on the V. lanosa and C. polysiphoniae mitochondrion sequences was done using translation table 4 (Protazoa Mitochondrion) using ATG as a start-codon in Geneious Pro v9.1 (Kearse et al. 2012 ). The resulting ORFs were manually annotated using blastN against GenBank. If blastN was insufficient for annotating an ORF, the ORF was translated to an amino acid sequence and then searched against the non-redundant protein sequence database (nr) in GenBank using blastP and the Pfam database (Finn et al. 2010 (Finn et al. , 2015 . If no conserved domain or sequence similarity could be found after searches using blastP or Pfam, the ORF remained without further annotation. Mitochondrion genome sequences were submitted to the tRNAscan-SE online server v1.21 for identification of tRNA sequences (Schattner et al. 2005) . Ribosomal RNA predictions were based on annotations produced by MFannot (http://megasun.bch. umontreal.ca/cgi-bin/mfannot/mfannotInterface.pl).
Red Algal Mitochondrial Genome Conservation
All 30 currently available Florideophyceae mitochondrial genomes (table 1) were downloaded from GenBank and imported into GeneiousPro v9.1. These mitochondrial genomes were combined with those from V. lanosa and C. polysiphoniae to create a database of Florideophyceae mitochondrial genomes. Sequences that have previously been found to have missing genes or pseudogenes were reanalyzed for ORFs in GeneiousPro v9.1. In cases where an ORF was found in a conserved location that had not previously been annotated as a gene, the ORF was translated and searched against the non-redundant protein sequence database (nr) in GenBank using blastP and Pfam. If this was insufficient to annotate an ORF in a conserved location, representatives of the missing genes were mapped back to the genome of interest for further evaluation and the region was manually curated. Translations of ORFs from locations of missing genes were aligned with annotated copies of those genes to manually assess annotation. When an apparent premature stop codon was found in a conserved location for a missing gene or pseudogene, the region was resequenced using PCR amplification for confirmation when material or DNA from that species could be obtained.
To determine the AT content (%) and non-synonymous to synonymous substitution ratio (dN/dS ratio) (table 2), all protein-coding genes widely shared throughout the 32 Florideophyceae mitochondrial genomes were aligned using GeneiousPro v9.1. The average AT content (%) was calculated for each gene across the Florideophyceae in GeneiousPro v9.1. The CODEML program in PAML v. 4.8 (Yang 2007) was utilized to estimate the pairwise dN/dS ratio across all published Florideophyceae mitochondrion genes. For each gene analyzed, a nucleotide alignment was created using the translation align function in GeneiousPro v9.1 utilizing the Blosum62 cost matrix. Additionally, a Neighbor-Joining tree was constructed from the alignment in GeneiousPro v9.1 using the Tamura-Nei substitution model and the gene from Hildenbrandia rubra was used to root the tree. For the rpl20 gene, which has been lost in H. rubra, Palmaria palmata was used to root the tree. The alignment and NeighborJoining tree were used as input files and the following parameters were specified in CODEML: runmode = 0; seqtype = 1; codonfreq = 0; model = 0; icode = 4; and omega (measures dN/dS ratio) and kappa (measures transitions/transverstions) were estimated.
Results and Discussion
Description of a Red Algal Alloparasite and Host Mitochondrion
The mitochondrial genomes of the red algal alloparasite, C. polysiphoniae (KX687877) and its host, V. lanosa (KX687880) represent the first mitochondrial genomes sequenced from the Rhodomelaceae (Florideophyceae, Rhodophyta), further expanding the diversity of available red algal mitochondrial genomes. The C. polysiphoniae mitochondrial genome is a 25,357 bp long circular molecule with an AT content of 79.4%. The mitochondrial genome of C. polysiphoniae encodes 23 protein-coding genes, 2 rRNAs and 20 tRNAs and contains only 9.9% intergenic, non-coding DNA. The V. lanosa mitochondrial genome is also a circular molecule that is 25,337 bp long, has an AT content of 76.4%, and encodes 23 protein-coding genes, 2 rRNAs and 19 tRNAs with 10.4% of the mitochondrial DNA being non-coding. Both the C. polysiphoniae and V. lanosa mitochondrial genomes maintain a similar genome architecture to other published red algal mitochondria.
Parasitic Red Algal Mitochondrial Genomes Are Conserved
The atp8 gene has previously been reported missing from five Florideophyceae mitochondria (Hancock et al. 2010; Yang et al. 2015) including the parasites Gr. oryzoides and P. pulvinata. A re-annotation of the mitochondrion of P. pulvinata, identified the atp8 as an ORF that was annotated only as a hypothetical protein coding sequence (CDS) in the sequence downloaded from GenBank (tables 1 and 3). Subsequently, resequencing the Gr. oryzoides mitochondrial genome (KX687879) revealed a complete copy of the atp8 gene, rather than the pseudogene that was previously reported using both Illumina and Sanger sequencing (Hancock et al. 2010) . The sdhC gene was also previously reported to be a pseudogene in the adelphoparasite Gr. oryzoides (Hancock et al. 2010) . As with atp8, resequencing of the Gr. oryzoides mitochondrion (KX687879) demonstrated that there was no frameshift mutation, as originally published, and that sdhC remains complete in red algal parasite mitochondria. These findings indicate that red algal parasites have not found alternative mechanisms for acquiring mitochondrion proteins and rely on their own mitochondrion for generating cellular energy as was previously hypothesized (Hancock et al. 2010) . No evidence for remnant pseudogene, appears to be a complete loss.
Gene Loss in Other Red Algal Mitochondria
As a result of identifying conserved copies of genes originally reported to have been lost, we reevaluated all reported gene losses from red algal mitochondria. Investigation of the other reported atp8 losses revealed that the gene was an ORF annotated as a hypothetical protein CDS in Plocamium cartilagineum, and that an ORF corresponding to atp8 could be found in the published H. rubra sequence data that were not previously annotated (tables 1 and 3) . The Ahnfeltia plicata mitochondrion had a premature stop codon resulting in a pseudogene where atp8 is normally found, however targeted PCR and sequencing showed the gene (KX687876) is complete. Analysis of the ratio of non-synonymous to synonymous substitutions (dN/dS ratio) in Florideophyceae copies of the atp8 gene show a higher rate on non-synonymous mutations in atp8 than atp6 and atp9, which combine with atp8 to make up the F 0 domain of the F 1 F 0 -ATP synthase complex involved in ATP synthesis (table 2) . However the dN/dS ratio of all three proteins remains <1 indicating that purifying selection is acting on the mitochondrial F 1 F 0 -ATP synthase complex in red algae, as is expected from genes essential for mitochondrion function.
Although the biological implications of losing the nad4L gene was not discussed in previous literature, the gene was noted as being absent in the mitochondrial genomes of both P. pulvinata and Pl. cartilagineum (Hancock et al. 2010; Yang et al. 2015) . In P. pulvinata an ORF was identified in the same location as other red algal copies of nad4L, between the 16S ribosomal RNA and the 26S ribosomal RNA, and both Pfam sequence search and blastP search of the translation strongly supports it coding for a functional nad4L. The published sequence for the mitochondrial genome of Pl. cartilagineum splits an ORF here identified as the nad4L gene in two pieces, with the 5 0 portion of the sequence found from bases 26,172-26,431 and the 3 0 portion of the sequence is located from bases 1 to 43. With a dN/dS ratio of 0.14619, the nad4L gene remains under strong purifying selection in red algal mitochondria. Therefore, the loss of nad4L in any red algal mitochondria would represent a strong departure from this heavy selective pressure.
The sdhD gene encodes an essential protein that serves to anchor the succinate dehydrogenase complex II to the innermembrane of the mitochondrion (Elorza et al. 2004; Bayley et al. 2005 Bayley et al. , 2006 . The sdhD gene was reported missing from the mitochondria of Ceramium japonicum and Asparagopsis taxiformis ) and the gene is also not annotated in the more recently published mitochondrial genome of Ceramium sungminbooi (Hughey and Boo 2016) . Upon reanalysis, an ORF was identified between nad4 and nad2, in the conserved Florideophyceae location of sdhD in the published mitochondrial genomes for all three species (see tables 1 and 3). Furthermore, a translated alignment of these ORFs with other Florideophyceae copies of sdhD show they are conserved in frame, retaining several critical conserved residues ( fig. 1) , and therefore should be annotated as sdhD. Indicates presence of functional gene is dependent on non-ATG start codon, alternatively these could be pseudogenes. RNA sequence data would be required to confirm gene function. The Ce. japonicum TatC gene seems likely to be the result of homopolymer sequence error, though possibility of pseudogene remains. Due to high levels of variation in length and sequence of Florideophyceae TatC genes, we continue to recognize the Ce. japonicum TatC gene as a pseudogene until firm evidence contradicts this.
Table 4
The use of alternative start codons by gene based on published literature and the proximity to the closest in-frame ATG initiation codon. Alternative initiation codons that are supported by the lack of a nearby ATG initiation codon and conserved gene start location based on alignment are indicated in bold 
H. rubra 22,165 22,150
Ah. plicata Indicates examples where other non-ATG initiation codons from translation table 4 (Protozoa Mitochondrion) are also possible locations for the gene to start although no ATG codon is found within 30 nucleotides (10 amino acid residues) upstream or downstream from the start of the currently annotated gene. The H. rubra sdhC gene annotation is longer than other copies of sdhC and the beginning of the gene overlaps with a tRNA. Starting annotation at ATG makes the gene much more similar in length to other Florideophyceae copies of sdhC. The Ch. crispus TatC (ymf16) gene is currently annotated with a GTT initiation codon, which is not found for any other Florideophyceae mitochondrion gene nor is it a start codon in translation table 4 (Protozoa Mitochondrion). Four other ORFs in the same reading frame that use either ATA or TTA as a start codon for TatC gene are found from 12 to 39 nucleotides downstream of the GTT codon.
Four mitochondria are reportedly missing copies of sdhC. Similarly to our findings with the sdhD genes, unannotated ORFs that are conserved with other Florideophyceae sdhC genes were identified from the mitochondrial genomes of Ce. sungminbooi and Dasya bingamiae (table 3) . Based on the published Sebdenia flabellata mitochondrial genome, using an ATG as the only start-codon, there is no ORF that can be attributed to sdhC. However, using all start-codons in translation table 4 (Protozoa Mitochondrion) an ORF that is highly conserved in comparison with other Florideophyceae copies of sdhC is found with a TTA start-codon (tables 1 and 3). Alternative start codons have previously been invoked for annotating red algal mitochondrion genes with variable support, which is discussed in more detail below (and see table 4). The S. flabellata sdhC appears to be a well-justified case for using an alternative initiation codon.
The Ce. japonicum mitochondrion is the other reported case of an sdhC gene loss . Although it appears to be highly conserved throughout the 5 0 region in comparison to other species, the Ce. japonicum sdhC is truncated by~81 nucleotides (27 amino acids) at the 3 0 end when aligned with copies of the sdhC gene from other Florideophyceae. The Coeloseira compressa sdhC is similarly conserved at the 5 0 region and truncated at the 3 0 end. A Pfam search of the Ce. japonicum and Co. compressa sequences, translated to amino acids, confirms their identity as Succinate dehydrogenase/Fumarate reductase transmembrane subunit proteins though suggests they may be truncated as well. Although material was not available for experimental validation, we speculate that this observed truncation has little effect on the functionality of sdhC as an anchor protein in succinate dehydrogenase complex II. The length of Florideophyceae sdhC genes (excluding Ce. japonicum and Co. compressa) is quite variable, ranging from 339 bp in P. pulvinata to 411 bp in A. taxiformis. Furthermore, the dN/dS ratio remains at 0.47084 indicating that purifying selection is acting fairly strongly on deleterious mutations in sdhC. The alternative would seem that the sdhC gene in Ce. japonicum and Co. compressa is losing its functional capacity, which would hinder the ability of these free-living species to generate cellular energy.
Although not reported as a loss, the published G. andersonii rps11 gene is inverted in comparison with all other Florideophyceae copies of the gene (Hancock et al. 2010; Yang et al. 2015) . Resequencing this genome revealed an ORF in the conserved location between nad3 and atp9 that was not inverted and maintained strong homology with red algal rps11 genes. Analysis of this ORF in comparison to the previously published G. andersonii mitochondrion identified a string of seven "A"s stretching from bases 9,158 to 9,164 correspond to only six "A"s in the newly sequenced mitochondrion. This apparent frameshift mutation resulted in a premature stop codon in the conserved direction that led to identifying an ORF in the same location but inverted as rps11 in the earlier publication. The rps11 gene in the resequenced G. andersonii mitochondrion, extending from bases 14,568 to 14,209, maintains strong homology with, and is encoded in the same direction as other Florideophyceae copies of rps11.
Although no genes were explicitly described as being lost in the recently sequenced D. binghamiae mitochondrial genome (Tamayo and Hughey 2016) , annotations for rpl20 and sdhC are absent from the published sequence. Additionally, alignments demonstrate that the cox3, rps3 and TatC genes are truncated in comparison with other Florideophyceae. Perhaps even more interesting is the report of two inverted multi-gene rearrangements that are unprecedented in light of the highly conserved synteny in florideophycean mitochondria. Unfortunately a thorough evaluation of the losses, truncations and rearrangements in this mitochondrial genome is difficult as the publication is extremely brief (<500 words) and lacks essential details such as the sequencing platform from the materials and methods.
Frameshift Mutations Are Overstated
In addition to the annotation of an inverted rps11 in G. andersonii, frameshift mutations have been described as the cause for genes being lost or becoming pseudogenes in Florideophyceae mitochondria including atp8 in Ah. plicata and Gr.
oryzoides and sdhC in Gr. oryzoides. The Gracilaropsis andersonii rps12 gene is another case of an apparent frameshift mutation causing a gene to be truncated. In G. andersonii, the rps12 gene is annotated at 240 nucleotides in length while other red algal copies of the gene range from 366 to 390 bp long. As a part of this study we resequenced the G. andersonii mitochondrion (KX687878) and identified that the "CT" found at bases 25,864-25,865 in the previously published G. andersonii mitochondrion appears to be the result of sequencing or assembly error. Without these additional bases, the rps12 gene remains conserved and is 369 bp long.
At first glance, the Ce. japonicum nad3 gene appears to be an instance of a frameshift mutation causing a gene to be truncated. Although the Ce. japonicum nad3 gene is annotated in its mitochondrial genome, it is only 234 bp long, whereas all other Florideophyceae nad3 genes are either 363 or 366 bp long. An alignment of other Florideophyceae nad3 genes to the Ce. japonicum nad3 region indicates that this truncation is the result of a frameshift mutation in a string of 26 "T" and 3 "C" between 32 and 60 bp from the start codon. A translated alignment of the annotated Ce. japonicum nad3 with all other Florideophyceae nad3 genes shows little conservation in the annotated Ce. japonicum nad3. Additionally, a blastP search of the NCBI nr database, and a Pfam sequence search of the translated original annotation shows the region is not homologous with any gene sequenced to date. However, manually deleting a "T" from the previously mentioned string yields a 366 bp nad3 gene that is highly conserved with copies of the nad3 gene sequenced from other Ceramiales mitochondria ( fig. 2 ) and is homologous with nad3 genes in the NCBI nr database and Pfam database. Long homopolymer runs are notoriously challenging for both sequencing and assembly (Kieleczawa 2006; Gilles et al. 2011; Loman et al. 2012; Laehnemann et al. 2016) but is a more likely explanation than a frameshift resulting in two conserved sections of the gene.
The Ce. japonicum TatC (secY) initially appears to be another case of a Florideophyceae mitochondrion gene losing function and becoming a pseudogene due to a frameshift mutation, and again, pinpointing the exact location of the mutation is difficult. By manually manipulating the sequence and deleting a nucleotide from a sting of 43 T's and 7 C's between 23,501 and 23,550 bp into the published sequence, an ORF that is highly conserved with other Florideophyceae TatC genes containing an ATT initiation codon is observed. Due to high levels of variation in length and sequence of Florideophyceae TatC genes, we continue to recognize the Ce. japonicum TatC gene as a pseudogene until firm evidence contradicts this. However, based on our findings that all frameshift mutations previously discussed in this manuscript were the result of sequencing error or downstream analysis, it seems likely that is again the case here. Resequencing of this region is essential before considering TatC (SecY) as a true loss in Ce. japonicum and the addition of RNA sequence data would help to confirm or reject this hypothesis.
Some Genes Have Degraded into Pseudogenes
Even though secondary analysis of published sequences combined with subsequent PCR and resequencing efforts have found many of the genes that have been reported missing, this is not the case for all losses. The rpl20 gene seems to blur the lines of deciphering when a gene is lost, and it appears to be the least conserved gene in Florideophyceae mitochondria. Interestingly, aside from its presence in red algal mitochondria, the only other lineage of eukaryotes reported to maintain rpl20 are the jakobids (Burger and Nedelcu 2012) . Retaining up to 67 genes, the most of any known mitochondria, Jakobid mitochondria are considered to most closely resemble the alpha-proteobacteria endosymbiont that became the contemporary mitochondrion (Gray et al. 2004; Burger and Nedelcu 2012; Burger et al. 2013 ). In the Florideophyceae, rpl20 has been reported missing or a pseudogene in 11 species including the two new additions from this study.
Annotation of rpl20 has been complicated because, in addition to ATG, which is the most commonly used initiationcodon for Florideophyceae mitochondrion genes, it appears that ATA may serve as an initiation-codon for rpl20 in Ah. plicata, and ATT in Rhodymenia pseudopalmata and Sporolithon durum (table 4). Without these alternative initiation-codons, rpl20 is likely a pseudogene in Ah. plicata, R. pseudopalmata, and Sp. durum. In addition to the aforementioned species, a conserved copy of rpl20 using the ATG start codon was located in Schimmelmannia schousboei (previously not annotated) and Schizymenia dubyi (previously annotated as a hypothetical protein CDS).
In Ce. japonicum, Ce. sungminbooi, C. polysiphoniae, Gelidium elegans, Gelidium vagum, H. rubra, and V. lanosa, the 3 0 region of rpl20 gene remains somewhat conserved, however the 5 0 end of the sequence is laden with stop codons, or appears to be missing entirely. Therefore rpl20 is considered a pseudogene in these species. No substantial region in the D. binghamiae mitochondrial genome appears to be homologous to the rpl20 gene. Furthermore, rpl20 is annotated as a gene/CDS in the Co. compressa mitochondrial genome, however the 3 0 region is slightly truncated and not highly conserved with other rpl20 copies, suggesting that perhaps this also is a pseudogene. This wide variability in rpl20 initiation codons and conservation cause annotation to be extremely difficult. Confirming the presence or absence of a functional rpl20 localized in the mitochondrion is difficult and will likely require RNA sequencing and nuclear genome sequencing to identify possible cases of EGT.
The only unique Florideophyceae mitochondrion gene loss that appears to stand up to further scrutiny also encodes a ribosomal protein. Based on the published sequence of the Sp. durum mitochondrion, rps11 has degraded to a pseudogene. In all other Florideophyceae, rps11 is found adjacent to the 3 0 end of nad3; however in Sp. durum, this region contains no ORFs that can be attributed to a full-length copy of rps11. As in other genes, a frameshift mutation appears to be initially responsible for rps11 becoming a pseudogene. However, in all previously discussed frameshift derived pseudogenes, it was apparent that the insertion or deletion of a nucleotide or two would 'repair' the gene and result in a conserved copy that could then subsequently be confirmed by PCR. In the case of the Sp. durum rps11, artificially "fixing" the gene could restore a conserved 3 0 end of the gene; however, a six residue gap upstream of this "fix" remained in translated alignments adding further support that rps11 is no longer functional in Sp. durum. RNA and nuclear genome sequencing work remains necessary to identify whether this is a complete loss or a case of EGT from mitochondrion to the nucleus.
The Importance of Nomenclature Identifying gene losses in Florideophyceae mitochondrial genomes has been further complicated by the use of two different names for a homologous gene. In Yang et al. (2015) , the ymf39 gene was reported as the most widely lost gene in Florideophyceae mitochondria, and was noted as being absent in six species: Ce. japonicum, G. andersonii, H. rubra, Kappaphycus striatus, Sc. dubyi, and S. flabellata. Furthermore, this gene is annotated only as a hypothetical protein CDS in Gracilariopsis chorda. Resequencing of the G. andersonii (KX687878) and reanalysis of the published H. rubra data reveals that the ymf39 gene is present in both mitochondria. Interestingly, the other four species lacking   FIG. 2. -Alignment of the original Ce. japonicum nad3 gene with the modified Ce. japonicum nad3 ("T" deleted from base 36; red box) and copies of the nad3 gene from Ch. crispus, Gracilaria vermiculophylla, G. andersonii, Sp. durum, C. polysiphoniae, and V. lanosa. Manual deletion of one 'T' from the string of 26 "T"s and 3 "C"s between 32 and 60 bp from the start codon restores conservation of the length and sequence of the Ce. japonicum nad3 gene. Genes are shown with the amino acid translation below.
ymf39 are also the only Florideophyceae mitochondria with an annotated atp4 gene, which is found between the cox3 and cob genes, the same location as ymf39 in other Florideophyceae mitochondria . According to Burger et al. (2003) , ymf39 encodes subunit b of mitochondrial F 0 F 1 -ATP synthase and should formally be designated as atp4.
Although it has not led to reports of gene loss, it is of note that three names have been applied to the TatC gene in Florideophyceae mitochondria. In Chondrus crispus the gene currently annotated as ymf16 was initially described as a gene of unknown function called ORF 262 (Leblanc et al. 1995) . In the publication of the Porphyra purpurea mitochondrial genome it was noted that ymf16 is recognized as a homolog of E. coli TatC encoding a protein in the Sec-independent protein translocation pathway . Coeloseira compressa, D. binghamiae, and K. striatus use the name TatC, which is a sec-independent protein translocase protein. In all other published Florideophyceae mitochondria this gene is called SecY, a sec dependent protein translocase protein. When these sequences are searched against the Pfam database, all similarity hits match sec-independent protein translocase protein (TatC). This gene was initially incorrectly annotated as SecY with the publication of the second, third, and fourth florideophycean mitochondrion genomes (Hancock et al. 2010 ) with subsequent sequencing efforts transferring that nomenclature throughout the Florideophyceae. Furthermore, in their review of algal mitochondrial genomes, Burger and Nedelcu (2012) note that SecY is not found in the mitochondrial DNA of algae.
It seems reasonable for annotation efforts to rely largely upon previous publications as a reference, however in the case of atp4, our understanding of gene function surpassed the nomenclatural usage. The annotation of the TatC gene as SecY may have been the result of available comparative data or knowledge of mitochondrial translocase proteins at the time of the initial publication. In this effort to correct the course of mitochondrial genome annotations we support following the recommendations of Burger et al. (2003) that all ymf39 annotations in Florideophyceae mitochondria be updated to atp4 to reduce further confusion. Additionally, it is recommended that SecY and ymf16 annotations be changed to TatC.
The Use of Alternative Initiation-Codons
The most widespread initiation-codon in Florideophyceae mitochondrion genes is ATG, though some exceptions have been previously proposed (table 4) . For example, in the Grateloupia angusta mitochondria the use of ATT, TTA, or TTG as initiation-codons was reported for nine genes (Kim et al. 2014) . Further examination of the published Gra. angusta mitochondrial genome revealed that seven of the genes reported with an alternative initiation-codon (atp4 (as ymf39), atp6, cox2, orf-Gang5, rps11, sdhB, and sdhC), an ORF starting with ATG could be found within a few basepairs of the previously annotated gene, and the current Gra. angusta atp4 (as ymf39) gene annotation on GenBank does use an ATG start-codon. The reasoning behind the decision to opt for an alternative codon rather than ATG at the beginning of the gene was not described in the genome announcement.
Alternative start-codons have been suggested in a few other Florideophyceae mitochondrion genes besides Gra. angusta. For example, in A. taxiformis the atp4 gene is annotated with the initiation-codon ATT, yet 6 bp (two amino acid residues) away in the same reading frame is an ATG, which could also serve as the initiation-codon (table 4). The Gra. angusta and Sp. durum copies of atp6 are both annotated to start with ATT codons that are 9 and 3 bp (3 and 1 amino acid residues), respectively, upstream of an ATG (table 4). A complete assessment of Florideophyceae mitochondrion genes that have been annotated using non-ATG protist mitochondrion initiationcodons and their proximity to a potential ATG start-codon is shown in table 4.
Even though some of the alternative start-codon usage is questionable, though not necessarily incorrect, there appear to be several Florideophyceae mitochondrion genes that likely are using alternative start-codons (table 4). In several of these cases the alternative hypothesis is that the genes are severely truncated and have been rendered non-functional. For example, it seems much more reasonable to believe that S. flabellata utilizes ATT as a start-codon for cob as opposed to losing the need to transcribe the first 42 amino acids of the protein.
A similar situation occurs with the sdhB gene in Gra. angusta, where reliance on an ATG initiation-codon would result in the first 49 amino acids not being transcribed. Furthermore, maintaining a functional TatC (annotated as SecY) and rpl16 in the Gra. angusta mitochondrion is dependent on the use of alternative initiation-codons (ATT and TTA, respectively) (table 4).
The Ch. crispus TatC (annotated as ymf16) gene is also likely reliant on an alternative start codon. Currently the Ch. crispus TatC gene is annotated with a GTT initiation codon. However, GTT has not been used as an initiation codon in any other Florideophyceae mitochondrion gene, nor is it one of the start codon options in translation table 4 (Protozoa Mitochondrion). Four other ORFs in the same reading frame that use either ATA or TTA as a start codon for TatC gene are found from 12 to 39 nucleotides downstream of the GTT codon. All Ch. crispus ORFs that can be reasonably attributed to TatC use a start-codon other than ATG, suggesting that this is another reliable instance for invoking an alternative, however the use of GTT is questionable.
Why Were Genes Reported Missing?
There are several technical and biological reasons that could explain the previous results of missing genes in Florideophyceae mitochondrial genomes. Each cell maintains numerous mitochondria and some of these may in fact maintain the frameshift mutations that have led to gene losses being reported in published literature (Hancock et al. 2010; Yang et al. 2015) . Preferential amplification of these mitochondrial genomes, or segments of the genome when using targeted PCR, would lead to the aforementioned findings even in cases where other mitochondria in the cell remain fully functional. The first four Florideophyceae mitochondrial genomes to be sequenced were completed primarily using nuclease digestions or PCR amplification and Sanger sequencing methods to assemble the genome at~2Â depth (Leblanc et al. 1995; Hancock et al. 2010) . The advances in sequencing technologies and reduction in costs since the Ch. crispus mitochondrion was first sequenced over 20 years ago have enabled much greater sequencing depths. For example, the V. lanosa mitochondrial genome published here has average read coverage of 391Â. This increased depth allows for the correction of "errors" either in the biology or technical aspects of sequencing by utilizing the deeper coverage of sequencing reads when forming a consensus sequence. It is noteworthy that all frameshift mutations that have been reported and led to missing genes, pseudogenes or the inversion of the G. andersonii rps11 were found in long homopolymer regions. Assembling sequences containing long regions of low-complexity, often dominated by a single nucleotide, has been recognized as a major complication for sequencing (Kieleczawa 2006; Laehnemann et al. 2016 ) and was especially difficult for the 454 FLX technology used in Hancock et al. (2010) (Gilles et al. 2011; Loman et al. 2012) .
RNA data can sometimes help identify problematic annotation or assembly. The apparent atp8 and sdhC pseudogenes observed in their Gr. oryzoides DNA data were confusing to the authors as they noted that both genes were still being transcribed based on RNA sequencing efforts (Hancock et al. 2010) . However, transfer to the nucleus was invoked at the time as a possible explanation. In retrospect, the RNA data was a strong indication to reexamine the data assembly. The sequencing errors reported in the first few published red algal mitochondrial genomes formed the foundation that was used as a reference for the annotation of subsequently sequenced Florideophyceae mitochondrial genomes. The apparent flexibility of mitochondrial genomes based on early sequencing efforts set a precedent for gene loss in Florideophyceae mitochondria. Building on a flawed foundation has allowed for the gene loss to be overstated without a deeper reanalysis of results. This is in no way meant as a criticism of the researchers themselves and it is plausible that results shown in data being published with current technology will be revised with future advances.
Conclusions
A detailed investigation of previously reported gene losses in Florideophyceae mitochondria reveals that losses are much less common and widespread than the published literature indicates. Prior to this study there genes had been either described as lost, or annotations were overlooked from 18 of the 30 published mitochondrial genomes (tables 1 and 3). Thoroughly examining each loss using the available published sequence data, in combination with resequencing those specimens that we could obtain material from, has positively identified 23 of the "missing" genes. Overwhelmingly, the "missing" genes or pseudogenes were the result of overlooked ORFs in the available sequence data and artificial frameshift mutations that resulted from sequencing and/or downstream assembly and analysis. In light of these findings, it is essential to thoroughly investigate results that indicate genes are degrading into pseudogenes or being lost entirely.
The Ce. japonicum mitochondrion was described as having lost five genes (atp4, rpl20, sdhC, sdhD, and TatC) of which three were identified here. Additionally, the translation of the existing annotation of the nad3 gene shares no homology with any other gene, though that homology is restored through the manual deletion of a "T" in a low complexity region of that gene. Furthermore a gap in the sequence is annotated between cob and nad6. Resequencing this mitochondrion to confirm the presence or absence of the rpl20 and TatC, and close the gap is essential prior to inferring biological relevance resulting from these losses. However it does seem likely that at least rpl20 remains absent from the Ce. japonicum mitochondrion considering it has also been truncated in all other Ceramiales mitochondrial genomes.
It is logical that gene losses would be rare in red algal mitochondria since the core genes encoded are essential for cellular respiration and oxidative phosphorylation. The loss of genes involved in these processes would interfere with the organisms' ability to produce cellular energy and would likely be a lethal mutation. The ribosomal proteins rps11 and rpl20 have been lost in the mitochondria of other lineages (Burger and Nedelcu 2012) and may be examples of gene transfer from the mitochondrion to the nucleus. Additional red algal genome data will allow for the identification of nuclear-encoded, mitochondrial target proteins.
